ABSTRACT: Using a coupled ice/ocean model, an impact study on the influence of increased westerly winds in the North Sea and Baltic Sea due to strengthening of the polar front was carried out, as part of the German research project KLINO (Modelling inter-annual variability of hydrographic conditions in the North Sea and the Baltic Sea). By means of a simple sensitivity experiment it could be shown that the impact of a positive westerly wind anomaly (i.e. high North Atlantic Oscillation Index, NAO) results in an intensification of the cyclonic circulation in both the Baltic Sea and the North Sea. However, the impact on salt exchange and content is opposite for the 2 shelf seas: exchange between the North Sea and the North Atlantic increases with intensified westerly wind forcing and thus the North Sea salt content increases; for the Baltic Sea, the intensification of westerly winds inhibits exchange with the Kattegat. In combination with the increased doming of the lower layer (i.e. saltier) water in the center of the cyclonic eddies, and thus intensified vertical mixing, an overall decrease of salt content in the Baltic Sea and an erosion of the permanent halocline result. Thus, as it is expected that future climate, under the influence of increased atmospheric CO 2 concentration, will lead to an intensification of the NAO, it was concluded that expected anthropogenic climate change will result in a weakening of haline stratification and a decrease in the salt content of the Baltic Sea.
INTRODUCTION
The regionalization of climate variability and of expected climate change is one of the main goals of research in shelf sea oceanography. Climate variability has a strong influence on regional shelf seas such as the North Sea or the Baltic Sea. The question therefore arises as to how strongly the system might be affected by expected climate change. Recently some investigations, using forcing conditions from a time slice experiment (Cubasch et al. 1995) , have been carried out for the North Sea (Kauker 1999 , Langenberg et al. 1999 ) in order to investigate the influence of predicted climate change on the sea level of the North Sea. 'Time slice experiments' are carried out with high resolution global atmospheric models that are integrated for a relatively short period, using initial and boundary conditions from long-term integrations with coarse climate models. However, the duration of the 2 time slice experiments each of 5 yr (for present and future climate) is below the time scale for significant climate change (~30 yr), i.e. it lies completely within the time scale of natural variability in the North Sea/Baltic Sea area, and thus it is too short to give reliable estimates about the influence of climate change on the system. However, from results of global scenario simulations some general ideas about the influence of expected anthropogenic climate change on the climatic forcing conditions for Northern Europe have been developed: deterministic global modelling suggests that strengthening of the polar front, and thus intensification of the North Atlantic Oscillation (NAO, Hurrell 1995) can be expected, as observed by May (1999) , which is connected to an increase of the intensity of westerly winds over the North Sea and Baltic Sea. The aim of this paper is therefore to evaluate the influence of changes in the westwind circulation by carrying out a sensitiv-ity experiment with a 3D hydrodynamic model in order to give an indication of the regional impact of expected climate change on the North Sea/Baltic Sea system.
METHODS

Numerical model
The regional ocean model used for this study is the North Sea/Baltic Sea application of the 'Hamburg Shelf Ocean Model' HAMSOM (Schrum 1997 , Schrum & Backhaus 1999 . It has been validated intensively for its ability to describe regional and temporal variability of temperature, salinity, sea level and sea ice. For this validation the model has been forced with realistic boundary conditions, taken from the ECMWF reanalysis (Gibson et al. 1996) and integrated for the full re-analysis period 1979 to 1993. The model describes the variability of sea surface elevation, sea surface temperature and salinity with considerable accuracy (Janssen et al. 2001, this issue) . To use the model to study the sensitivity of the Baltic Sea and the North Sea to variable climate forcing is therefore well justified.
Wind disturbance
The strengthening of the polar front was approximated by a superposition of a wind field perturbation on top of the actual ECMWF 6-hourly wind fields. The perturbation was assumed to be proportional to the monthly mean wind speed: for the impact study an additional westerly wind speed of 25% of the monthly mean wind speed was prescribed in a band from 52°N to 62°N.
The impact run was carried out for the period October 1983 to September 1984. The results were compared to the results of the control run with the undisturbed ECMWF wind forcing. To study whether the impact of the perturbation is linear, an additional impact run with negative westerly wind perturbation was performed.
The superposition by vector field addition does not always result in an increase of the wind speed. This is only true for an already positive westwind speed, i.e. for westerly winds. If the undisturbed wind field shows easterly directions, the positive wind field disturbance results in a decrease in wind speed. This is well illustrated by comparing the disturbed and undisturbed wind density distributions for 1 mo with westerly and easterly wind contributions, e.g. February 1984 (Fig. 1) . The normalized wind density function is calculated by dividing the wind rose into 72 classes, summing the wind speeds for each respective class and then normalizing these by multiplication the number of classes divided by the total number of data (for further details see Siegismund & Schrum 2001, this issue) .
The impact on the part of the wind field distribution with prevailing westerly winds is an increase in wind intensity. The opposite is true for the wind density maximum for easterly winds: in this case the wind intensity is reduced by the impact scenario. However, even when easterly winds occur frequently, the region of the North Sea and Baltic Sea is mainly influenced by westerly winds. Thus in summary, it becomes clear that an additional westerly wind will increase wind speed and thus the wind stress and the latent and sensible heat flux, and therefore also evaporation.
RESULTS
Circulation
The monthly mean circulation for the undisturbed case was mainly cyclonic in the North Sea and the Baltic Sea (e.g. Sep 1984, Fig. 2) . This is well known to be the typical circulation for both regions (see review by Rohde 1998). Increased intensity of westerly winds results in higher sea level variability in both seas. These changes are caused by changing transports across the borders of the North Sea and the Baltic Sea and thus by changing circulation. To highlight the influence of wind disturbance on regional shelf sea circulation, the monthly mean differences in the volume transport stream function (calculated from the vertical integrated modelled volume transports) for positive and negative westwind anomalies were investigated (Fig. 3) . The basis of the investigations is the monthly mean fields for the evaluation period (Oct 1983 to Sep 1984 , filtering out short term variability with periods <1 mo and thus focussing on the integral effects of the disturbance. From the comparison of the stream function difference between positive and negative west wind anomaly in North Sea and Baltic Sea, it is obvious that the influence of a westwind intensification results in an intensification of the cyclonic circulation in both shelf seas. The impact has the same order of magnitude O(0.1 SV) for both the North Sea and Baltic Sea (note 1 SV = 10 6 m 3 s -1 ), which implies an impact on the Baltic Sea circulation in the order of its monthly circulation. For the North Sea, the impact on circulation is slightly smaller compared to its monthly mean.
Salinity
The increase in cyclonic circulation has a remarkably different impact on the North Sea and Baltic Sea with respect to salinity. The regions will therefore be discussed separately.
North Sea
The exchange between the North Sea and the North Atlantic is characterised by the cyclonic nature of the North Sea circulation itself: inflow of saline Atlantic water occurs along the British coast, at the western part of the open North Sea boundary, and less saline water leaves the North Sea at the eastern part of the open boundary along the Norwegian coast. Thus, an intensification of the exchange can be expected under the influence of increasing westerly forcing, which is connected to an intensification of the cyclonic circulation (cf. Section 3.1).
The annual mean transports across the open boundaries are presented in Table 1 . Even if the annual net exchange across the boundaries (i.e. the net outflow, which is estimated by the net freshwater input to the Baltic Sea) is not affected much by increased westerly forcing, there is a considerable impact both on the inflows and outflows. The inflow of saltier North Atlantic water increased strongly with increasing westerly winds, and the outflow of the fresher North Sea water along the Norwegian coast increased as well. Thus, the exchange is intensified in the case of more westerly winds. This results in a difference in mean salinity in the order of 0.065 compared to the run with negative westwind anomaly after 1 yr simulation (Table 1) . The difference in salinity is slightly lower after the winter period and increases after the spring and summer period. This might be caused by interaction with the Baltic Sea (cf. Section 3.2.2): during the spring and summer period the changes in the North Sea and Baltic Sea are in reverse phase, i.e. lower Baltic Sea salinities imply lower fresh water release to the North Sea, and thus higher North Sea salinities. During the autumn and winter period stronger westerly winds result in increased salt content in the Baltic Sea and thus increased fresh water release to the North Sea, which might reduce the effective increase in North Sea salinity caused by the increased exchange with the North Atlantic. The increase in total salt content is not uniform for the North Sea; pronounced regional structure can be found (Fig. 4) . The southern North Sea shows a disproportional increase, by ~1 for the surface layer, and the northern North Sea shows a slight decrease of salinity of ~0.2 at the surface, which is caused by intensified mixing of low saline coastal water and saltier North Atlantic water. The calculated relationship between westwind anomaly and salinity anomalies in the North Sea corresponds with earlier analyses. For example, Heyen & Dippner (1998) found some correlation between westerly forcing and salinity anomalies in the German Bight. It has been previously argued, in a paper on pressure anomalies and their role in hydrographic variations in European Shelf Seas, that longterm salinity anomalies in the North Sea are dominated by oceanic advection anomalies (Dickson 1971) . Recent data, from a series of 3 cruises, show that short term salinity changes in the German Bight are dominated by advection anomalies rather than anomalies in freshwater supply (Becker et al. 1999 ).
Baltic Sea
In contrast to the North Sea/North Atlantic system, water exchange between the North Sea/Skagerrak/ Kattegat system on the one hand and the Baltic Sea on the other can be described by a 2 layer system. In the upper layer there is an outflow of less saline water from the Baltic Sea. This is driven and balanced partly by the freshwater excess due to river runoff and 'p -e' (i.e. precipitation minus evaporation) and partly by a salt water inflow in the lower water column (see review by Rohde 1998). The stratified nature of the Baltic Sea exchange implies an opposite sensitivity compared to the North Sea/North Atlantic exchange. The near surface wind driven transport, which directs into the Baltic Sea for westerly wind forcing, is intensified and thus it hinders the outflow of fresher surface water (Table 1 ). This reduced outflow is connected to reduced sub-surface inflow, resulting in less transport of saline water into the Baltic Sea. Thus, the intensified westerly winds inhibit salt water exchange between the North Sea and Baltic Sea. Total salt content after the full seasonal cycle shows a clear negative anomaly in the case of a positive westwind anomaly. This is consistent with recent statistical analysis of low frequency variability in Baltic Sea salinity, which showed that . These results and the numerical case study discussed here are both inconsistent with the hypothesis expressed by several authors (e.g. Matthäus & Schinke 1994) that salinity anomalies are mainly caused by major inflows forced by persistent westerly wind forcing. The investigation of the evolution of total salt content in the first half of the hindcast period might suggest an explanation for this discrepancy. In winter, the effect of intensified westerly winds on salt content is the opposite, as the strong barotropic wind-induced circulation is superimposed on the 2 layer baroclinic circulation, and stratification is destroyed by intense vertical mixing. The positive westerly wind anomaly results in higher barotropic wind-induced transport of saltier water into the Baltic Sea, and thus in an increase in total salt content. This is well illustrated by the positive salinity anomaly of the entire Baltic Sea after 5 mo integration for a positive westerly anomaly (autumn and winter period, Table 1 ). However, after a full seasonal cycle the positive salinity anomaly is completely compensated and turned into a negative salt content anomaly for more intense westwinds. Cyclonic circulation in a 2 layer system is generally connected with a depression in sea surface elevation and a doming of the subsurface layer in the center of the cyclonic circulation cell, as is well known from oceanographic textbooks. This doming brings colder and saltier sub-surface water to the surface layer, and thus an impact of the intensified cyclonic circulation on the vertical salinity distribution could be expected. This is as well illustrated by comparing the temporal evolution of the difference in salinity profiles at Gotland Deep (central Baltic) for the 2 sensitivity runs (Fig. 5) . The difference in sea surface salinity (i.e. salinity in the first 50 m) between the 2 runs is up to 0.3, whereas salinity below the thermocline decreased for more intense westerly winds. Maximum differences up to 0.7 can be found between 75 and 125 m depth.
The increase in sea surface salinity in the case of anomalous, high westerly winds is inconsistent with the results of Laine & Zorita (1999) , which found that salinity anomalies are coherent across depths and that positive anomalies of the zonal wind component are connected with a decrease in salinity. This discrepancy could be explained by the fact that a positive westerly wind anomaly in North Europe is generally correlated with an increase in precipitation, resulting in decreasing sea surface salinity. This mechanism is not resolved by this simple sensitivity experiment because precipitation anomalies are not considered.
Moreover, comparison of the difference in sea surface salinity illustrates the influence of changes in the large scale wind field on the fine structure of the Baltic Sea system. Changes in the circulation and thus in the strength of upwelling and downwelling events result in a pronounced fine structure for salinity distribution in the Baltic Sea. Local positive as well as negative salinity anomalies up to 1 occur. These local extremes are mainly located in the center of the cyclonic and anti-cyclonic circulation cells. They are caused by enhanced wind-driven circulation and thus intensified convergences and divergences connected with more intense up-and downwelling.
CONCLUSIONS
Insight into the impact of climate change on the North Sea/Baltic Sea system was achieved by carrying out a model case study on the influence of changing wind conditions. The simulations highlighted the impact of increasing westerly wind forcing on circulation and salinity distribution. The cyclonic circulation in both seas increased under more intense westerly winds and, for the North Sea, results in increased salt content and regional salt anomalies, characterised by a dipolar structure with positive salinity anomalies in the southern North Sea and negative anomalies in the northern North Sea. The impact of increasing westerly winds on the Baltic Sea is characterised by reduced salt exchange across the straits and intensified vertical mixing due to increased doming connected with an intensified cyclonic circulation. Sea surface salinity in the Baltic Sea therefore increases under the influence of more westerly winds while both sub-surface and total salt content decrease. The fine structure of the salinity differences calculated for the North Sea and, especially, in the Baltic Sea, clearly illustrate that the local impact of climate change could be the opposite of the overall regional impact. This clearly illustrates the importance of regional differentiation when studying the impact of climate change on a regional scale. Furthermore, it indicates that restraint should be exercised in extrapolating results gained by local statistical analysis of hydrographic variables, influenced mainly by circulation, into regions with insufficient data coverage. This points to the importance of dynamical downscaling (i.e. the use of deterministic, regional models) for studying the regional impact of climate variability and change. Moreover, this case study highlights the role of advection for salinity, and despite or perhaps due to the simplification of climate variability over the North European Shelf, could provide some valuable hints towards explaining the relationship between salinity and zonal wind forcing, found previously by statistical analysis (e.g. North Sea, Dickson 1971 , Heyen & Dippner 1998 Baltic Sea, Laine & Zorita 1999) .
However, simple sensitivity experiments, such as those carried out here, have only a limited scope. The influence of changes in large scale atmospheric circulation on e.g. air temperature and humidity are not considered here. These will also affect heat and fresh water fluxes and thus cause nonlinear interactions with the differences caused by wind field changes. Quantification of the influence of expected climate change on the North Sea/Baltic Sea, considering all these nonlinear effects, could be achieved by carrying out a downscaling experiment for a longer period, e.g. the study by May (1999) , where two 30 yr time slices were calculated, one for the present day and one for the future 2 × [CO 2 ] climate. These results need to be used for future impact studies.
